INTRODUCTION
Hydroquinone HQ is used as an antioxidant in various industries and is a well-known antimelanogenesis agent employed as a whitening ingredient in cosmetics and pharmaceuticals since the 1960s 1, 2 . The maintenance of the inherent biological activity in vivo, in particular, the chemical modification of the hydroxyl groups at carbon 1 or 4 of HQ, is of interest. However, HQ irritates the skin; moreover, its long-term use may cause permanent leucoderma, scarring, or ochronosis. These harmful effects may be attributed to the ready oxidation of HQ by cellular enzymes; its oxidation products, i.e., quinones and reactive oxygen species ROS , cause oxidative damage to cellular proteins, DNA, and membranes 3 5 . In addition, HQ is less resistant to heat, light, and oxidative conditions compared to other antioxidants, and is easily decomposed in cosmetics. Hydroquinone-O-β -D-glucopyranoside arbutin, Arb from California buckeye Aesculus californica has been characterized as an antimelanogenesis agent 6 8 . Another HQ derivative, gentisic acid 2,5-dihydroxybenzoic acid , obtained from gentian roots, has also been characterized. These HQ derivatives have been indicated to act as prodrugs; i.e., they exert their effects by releasing HQ after being taken up by cells 7 . The Japanese government allows the use of arbutin as a whitening ingredient in skin care products and is already available as an additive in commercial cosmetics; however, this compound has been reported to interfere with the uptake of tyrosine, thus negatively affecting the cell growth 9 . To solve this problem, we focus in this study on the development of a novel HQ derivative showing i high stability in cosmetics, ii high biological safety, iii conversion capability to HQ in the skin, and iv a sustained HQ efficacy in the skin for application in cosmetics. The rigid lipid lamella structure of the stratum acts as a barrier, namely for the adsorption of hydrophilic compounds 10 . Thus, chemical modification of the hydroxy groups in HQ with a lipophilic molecule is necessary for the development of an efficient transdermal hydroquinone derivative. Fatty acid esters are used as surfactants by the cosmetic, detergent, and food industries 11 . These esters are typically nonionic, nontoxic, and biodegradable 12, 13 . Due to its good aspect, miscibility with other greasy substances, and heat and oxidation stabilities, isostearyl alcohol behaves as a good emollient agent and viscosity adjustment agent in commercial cosmetics. Therefore, the development of alkylated phosphate derivatives of hydroquinone is expected to improve skin penetration. We previously developed amphiphilic ascorbic derivatives chained with isostearyl phosphate 14, 15 .
In the present study, we describe the synthesis of a novel amphiphilic hydroquinone derivative, disodium p-phenylene diisostearyl diphosphate HQ-2P2IS , which exhibits hydroquinone activity after enzymatic hydrolysis by phosphatase to release free hydroquinone. The thermal stability in an acidic or a neutral solution, distribution between organic and aqueous phases, and in vitro skin permeability in human living skin equivalent models are also described.
EXPERIMENTAL

General procedure
The 1 H and 13 C NMR spectra δ, J in Hz were recorded on a JEOL GSX 500 NMR spectrometer. Tetramethylsilane TMS was used as the internal reference δ 0.00 for 1 H NMR spectra measured in methanol-d 4 . This solvent was also used for 13 C NMR spectra. Infrared IR spectra were determined with an FT/IR-470 Pulse Fourier transform infrared spectrometer using a KBr disk. High-resolution mass spectra HRMS were recorded on a Waters LCT Premier XE spectrometer using standard conditions ESI, 70 eV . UV spectra were obtained on a Shimadzu UV-2450 spectrophotometer. The HPLC analyses were carried out with a system consisting of a Shimadzu SCL-10AVP system controller, an LC-10ADVP pump, an SPD-10AVP UV-Vis spectrophotometric detector, an SIL-10AVP auto injector, a CTO-10A column oven, and a CLASS-VP chromatopac.
HPLC analysis
The separation of HQ-2P and HQ was achieved by isocratic elution from an Inertsil ODS column φ6.0 250 mm, 5 μm, GL Science Inc., Tokyo kept at 40 with 1 acetonitrile containing 0.1 formic acid at a flow rate of 0.6 mL/ min. The absorbance spectra at 220 nm was monitored. The separation of HQ-2P2IS and HQ was achieved by isocratic elution from a Unison UK-C8 column φ4.6 150 mm, 3 μm, Imtact ltd., Kyoto kept at 40 with acetonitrile and 0.01 M tetramethylammonium hydroxide containing 0.1 phosphoric acid 3:1 at a flow rate of 1.0 mL/min. The absorbance spectra at 220 nm was monitored with an UV detector.
Chemicals
Hydroquinone HQ and arbutin Arb were obtained from Wako Pure Chemical Industries, Ltd. Osaka, Japan . Phosphorus oxychloride and isostearyl alcohol were purchased from Sigma-Aldrich Co., Ltd., and from Nissan Chemical Industries, Ltd. Tokyo, Japan , respectively. Phosphatase inhibitor cocktail II PIC II was obtained from Merck Co. Disodium phenylene diphosphate HQ-2P was synthesized from hydroquinone and phosphoryl chloride.
Preparation of disodium
The synthesis of isostearyl dichlorophosphate IS-DC was carried out following a previously described method 16 . 
Stability of HQ-2P2IS in aqueous solution
HQ-2P2IS was dissolved in 50 mM citric acid buffer pH 5.0 or in 50 mM potassium phosphate buffer pH 7.0 to obtain 10 mL of 10 mM solution. The resulting solution was stored at 40 for up to 24 weeks, and 100 μL samples were periodically taken. The concentration of HQ-2P2IS was analyzed by HPLC. The difference from the initial concentration was taken as the remaining ratio.
Partition of HQ-2P2IS in n-Octanol/Buffer Systems
HQ-2P2IS was dissolved in 50 mM sodium acetate buffer pH 5.0 or in 50 mM potassium phosphate buffer pH 7.0 to obtain 5 mL of 1 mM solution. Five milliliters of n-octanol was added to the resulting solution. The mixture was vigorously mixed and phase partitioned at 37 . The amount of HQ-2P2IS in the n-octanol layer was analyzed by HPLC. The difference from the total amount of both phases was taken as the distribution percent of HQ-2P2IS in n-octanol.
2.7 Skin permeation assay in epidermal human skin model Percutaneous permeation studies using ex vivo human skin models are a widely accepted alternative for testing the cutaneous bioavailability of cosmetic ingredients 17, 18 .
Percutaneous permeation studies on human skin models are frequently realized directly in the cell culture insert by manually exchanging the receptor fluid at preselected time intervals. Recently, various human living skin equivalent models composed of keratinocytes and/or fibroblasts have become readily available. The EpiDerm model EPI-200X 19 21 consists of normal human epidermal keratinocytes cultured in a chemically defined medium on a permeable polycarbonate membrane to produce a stratified, highly differentiated, organotypic tissue model of the human epidermis. The epidermis model consists of metabolically and mitotically active cells organized into basal, spinous, and granular layers, along a multilayered stratum corneum. The skin penetration assay was performed by using an epidermal human skin model, EPI-200X MatTek Co. . The sample solution 1.0 , 100 μL , dissolved in 50 mM sodium phosphate buffer pH 7.0 , was added to the interior of EPI-200X in contact with 1.0 mL of the assay medium on a 24-well plate. All experiments were performed at 37 in a humidified incubator gassed with 5 CO 2 . In order to confirm that the permeated and accumulated HQ is produced from the hydrolysis by phosphatase in the human skin models, it was examined whether skin models were cultured in the assay medium containing the phosphatase inhibitor cocktail II PIC II . After a fixed period of time, the resulting assay medium was collected. Then, the epidermal portion of EPI-200X was removed from the culture cup and was washed two times with 300 μL HEPES buffer. After each wash step, the skin surface was dried with a cotton swab in order to remove the unabsorbed products. The portion was homogenated with 1.0 mL of 50 ethanol. The resulting samples were subjected to HPLC analysis. The contents of HQ-2P2IS and their metabolites, i.e., HQ, HQ-P sodium p-phenylene phosphate , HQ-2P, HQ-PIS sodium p-phenylene isostearyl phosphate , and HQ-2PIS disodium p-phenylene isostearyl diphosphate , were determined from the peak area of the samples with reference to the calibration of authentic samples.
Statistical analysis
For statistical evaluation of the results, one-way analysis of variance ANOVA was employed. A p-value smaller than 0.05 was considered as significant.
Fig. 1 Structure of HQ-2P2IS.
RESULTS AND DISCUSSION
Synthesis of disodium p-phenylene diisostearyl di-
phosphate HQ-2P2IS Dialkyl HQ derivatives with high stability and skin permeability were developed for cosmetic application. Substitution at the phosphate position of the aliphatic chain was expected to inhibit the deesterification. Hydroquinone was coupled with isostearyl dichlorophosphate in toluene to form phenylene diisostearyl diphosphate. The synthesized product was neutralized with sodium hydrate to obtain disodium p-phenylene diisostearyl diphosphate Scheme 1 disodium bis 5,7,7-trimethyl-2-1,3,3-trimethylbutyl octyl -1,4-phenylene-diphosphate HQ-2P2IS , which was characterized by 1 H and 13 C NMR, UV, HRMS, and IR spectra. The product was obtained in 56 yield.
Stability of HQ-2P2IS in aqueous solution
The stability of HQ-2P2IS in an acidic or a neutral aqueous solution 10 mM at 40 was evaluated on the basis of the remaining ratio measured by HPLC Fig. 2 . It was found that 92.9 of HQ-2P2IS dissolved in 50 mM citric buffer pH 5.0 and remained intact after 24 weeks Fig. 2A . HQ-2P2IS sharply decreased in 4 weeks, after which remained approximately constant. Thus, presumably, HQ-2P2IS underwent an intramolecular fatty migration to yield HQ, and was found to be in equilibrium with HQ in 4 weeks. HQ represents a major degradation product of HQ-2P2IS. HQ and HQ-2P were scarcely degraded during the tested period. In addition, it was found that 90.3 of HQ-2P2IS dissolved in 50 mM potassium phosphate buffer pH 7.0 and remained intact after 24 weeks zymatic treatment, suggesting that the potency of HQ-2P2IS derives from its role as an HQ source.
Partition of HQ-2P2IS in n-octanol/buffer systems
The partition between n-octanol and water is generally accepted as a suitable model for studying the affinity to cell membranes or to the corneal layer of the epidermis 11 .
Because the acidity of the human skin surface varies within the pH range of about 4-6, the lipophilicity of HQ-2P2IS was investigated using an n-octanol/10 mM sodium acetate buffer pH 5.0 system at 37 Table 1 22 24 . The distribution percent of HQ-2P2IS was found to be 98.6 . In contrast, the distribution percent of HQ was found to be 79.9 , whereas HQ-2P was not distributed in n-octanol. The amphiphilicity of HQ-2P2IS was also investigated using the n-octanol/10 mM potassium phosphate buffer pH 7.0 system, for considering the penetration of HQ-2P2IS into the cell membrane after skin permeation. The same tendency described above was observed in this system, although the distribution percent of HQ-2P2IS was found to decrease with increasing pH. This decrease was assumed to be caused by the deprotonation of the hydroxyl groups of HQ. These results indicated that the major portion of HQ-2P2IS was distributed in n-octanol under both conditions, suggesting that HQ-2P2IS has a high affinity for cell membranes and for the corneal layer of the epidermis. Therefore, HQ-2P2IS can potentially be used in the skin care field as a cosmetic material. and 132.3 nmol 3.6 , which was maintained in the subsequent incubation period. In contarst, HQ scarcely permeated. The amount of metabolic product HQ derived from permeated HQ-2P and HQ-2P2IS increased in a time-dependent manner Fig. 3B . In contrast, permeated Arb was scarcely metabolized to HQ. In the case of HQ-2P2IS, the HQ 45. 8 These results suggest that HQ-2P2IS is superior to HQ, Arb, and HQ-2P in terms of permeation and accumulation in skin models. The rigid lipid lamellar structure of the stratum works as a barrier, in particular for the adsorption of hydrophilic compounds 10 . An effective dermal prodrug must possess increased lipophilicity, compared with the parent drug, along with adequate aqueous solubility 25 . HQ-2P2IS has suitable amphiphilicity and hydrophilicity for the effective release of HQ after permeation and accumulation.
CONCLUSION
In the present study, we describe the synthesis of a novel amphiphilic HQ derivative, disodium p-phenylene diisostearyl diphosphate HQ-2P2IS , which exhibits high stability and antioxidative activity in vitro upon enzymatic hydrolysis by phosphatase, releasing free HQ. The stability in acidic and neutral solutions, distribution between organic and water phases, and in vitro skin permeability are also investigated. The high thermal and light stability in longterm storage satisfy the requirement for its application as cosmetic materials. Skin permeability of HQ-2P2IS is improved as compared to that of HQ. In addition, HQ-2P2IS is susceptible to enzymatic hydrolysis by tissue phosphatase to produce sodium metabolites and HQ. Thus, these findings indicate that HQ-2P2IS might serve as an effective prodrug releasing HQ in skin care products. 
